We evaluated the accuracy of nicotine concentration labeling on electronic cigarette refill products. Methods: The nicotine concentration of 71 electronic cigarette refill fluid products and 1 related do-it-yourself (DIY) product was quantified using high-performance liquid chromatography. Quantified data were compared with manufacturers labeled concentrations. Duplicate refill fluid products purchased at different times were evaluated by visual comparison of fluid coloration and quantified nicotine concentration. Results: Thirty-five of the 54 nicotine-containing fluids had quantified nicotine concentrations that deviated by more than ±10% from the manufacturer labels, with 46 of 50 being in excess of labeled values. Refill fluids labeled as 0 nicotine had no detectable nicotine. Of the 5 products that were unlabeled for nicotine concentration, 3 contained no detectable nicotine, whereas the remaining 2 contained nicotine in excess of 100 mg/ml and may have been intended for DIY use. Sixteen of the 18 duplicate bottles of refill fluid varied greatly in their nicotine concentrations. One of the 5 companies showed significant improvement in labeling accuracy among the most recently purchased products. Of the 23 total duplicate pairs, 15 of 23 varied in coloration from their mates. Conclusions: Nicotine concentration labeling on electronic cigarette refill products was often inaccurate but showed improvement recently in products from 1 company. To ensure the safety of refill fluids and DIY products, it is necessary to establish quality control guidelines for the manufacturing and labeling and to monitor products longitudinally.
Introduction
E-cigarettes (ECs) are composed of a battery that heats an atomizer, which aerosolizes a fluid that generally contains nicotine, a humectant(s), and flavorings (Trtchounian & Talbot, 2011; Trtchounian, Williams, & Talbot, 2010) . EC cartridges, cartomizers, and tanks, which hold the fluid, can be refilled from drip bottles of refill fluid that are readily available over the Internet, in EC retail shops, and in malls. Although ECs per se are generally marketed in a limited number of flavors, refill fluids are available, often from third-party vendors, in hundreds of different flavors. Thus, they expand the flavor options and offer EC users a more cost-effective option by enabling EC cartridges to be reused. However, some refill fluids were cytotoxic when tested in vitro with different cell types, and cytotoxicity of several products was attributed to flavorings (Bahl et al., 2012; Behar et al., 2013) .
Because nicotine contained in these fluids is both addictive and toxic (a dose of 6.5-13 mg/kg is fatal to adult humans) (Mayer, 2013) , it is important that the concentrations of nicotine on refill fluid and DIY product bottles be accurate. However, there are currently no federal regulations on the manufacturing of these products. Recently, the EC industry has begun some self-regulation with the creation of the American E-liquid Manufacturing Standards Association (AEMSA), which was formed to certify nicotine concentrations in EC products. According to the revised AEMSA guidelines (posted on the AEMSA Web site in February, 2014) , nicotine concentrations should be ±10% of the label (AEMSA, 2014) .
Previous studies have examined nicotine concentrations in a limited number of refill fluid products (Cameron et al., 2014; Etter, Zäther, & Svensson, 2013; Trehy et al., 2011) and in some cases found significant discrepancies between what was on the bottle and what was measured (Cameron et al., 2014; Trehy et al., 2011) . The purpose of the current study was to quantify nicotine concentrations in a broad spectrum of refill fluids from different American manufacturers, to compare measured nicotine concentrations to those provided by the manufacturer, and to determine whether duplicate bottles of the same product purchased at different times had similar concentrations of nicotine. This study is the first to investigate nicotine concentrations in a broad range of American-made refill fluid products in longitudinal samples.
Materials and Methods

Products Tested
Seventy-one EC refill fluids and one DIY (do-it-yourself) product were purchased from five different manufacturers using the Internet or a local vendor, and inventory numbers were assigned to each sample at the time of receipt (Table 1) . Purchases were made on four different dates (inventory numbers 1-41 April 2011; numbers 49-68 summer 2011; numbers 70-92 February 2012, and numbers 93-96 May 2012). Johnson Creek (Johnson Creek) and Red Oak (a subsidiary of Johnson Creek) are two major manufacturers of EC refill fluid products, as shown by Google Trends, with sales in 101 countries. Recently, Johnson Creek partnered with Blu Cig, one of the most popular ECs (Time Magazine, 2013) , thus increasing the potential distribution of their products. Freedom Smoke-USA and V2 Cigs were selected because the companies have consistently gained in popularity since their introduction to the refill fluid market in 2010, with their popularity still rising according to Google Trends. Global Smoke was selected because it is marketed and readily available in shopping malls in our area. Lastly, e-cigexpress.com was selected because, at the time of purchase, they were one of the few Internet vendors that sold flavorless nicotine in a propylene glycol base.
Of the 71 refill fluids/1 DIY products that were evaluated, 25 were purchased from Johnson Creek, and 20 of these were obtained from two sample kits. Kits were purchased at two different times, and 9 of the 10 products in each kit were exact duplicates (i.e., from the same manufacturer with the same label information). Of the additional five Johnson Creek refill fluids, two were Tennessee Cured (numbers 31, 51) with labeled nicotine content that differed from the refill fluids in the sample kits, and three were J.C. Original (numbers 34, 50, 88) of which two (numbers 50 and 88) were labeled with the same nicotine content as those in the sample kit and one (number 34) was labeled at a lower concentration. Sixteen refill fluids were from Red Oak, and 14 of these were also obtained in two sample kits. The Red Oak kits each contained seven refill fluids, and all seven were duplicate flavors. Two additional Red Oak Marcado (numbers 49, 70) refill fluids were purchased to further evaluate duplicates. For both Johnson Creek and Red Oak, all refill fluids contained within the kits had a different labeled humectant composition than individually purchased bottles. Twenty-four refill fluids were purchased from Freedom Smoke-USA. Two (number 24, number 55) of the 24 products were unflavored nicotine in 100% propylene glycol. At the time of purchase, neither the labels nor Web site indicated the nicotine concentrations of these products or that they were concentrates to be used in diluted form. Therefore, these two products were also considered refill fluids, not DIY products. Four of the flavors (eight refill bottles) were purchased as exact duplicates. Two refill fluids were purchased from Global Smoke, four were from V2 Cigs, and the one DIY product was from e-cigexpress.com. All products were stored in the dark at 4 °C, and all experiments were performed within 3 months of purchase.
Establishment of Nicotine Calibration Curve and Method Validation
Our high-performance liquid chromatography (HPLC) method for quantifying nicotine in refill fluids/DIY products was adapted from Trehy et al. (2011) , which was shown previously to work well with EC refill fluids. Nicotine (≥99% purity) purchased from Sigma-Aldrich was used to establish a calibration curve. A stock solution of nicotine (10 mg/ml) was prepared in nonbuffered mobile phase consisting of 77% water and 23% acetonitrile. Serial dilutions (1-1,500 μg/ml) were made, and the linear portion of instrumental response was determined. Three samples of five doses that spanned the linear range (100 µg to 1000 µg/ml) were used to create a calibration curve. The accuracy and precision of the calibration curve were validated by injecting four samples of nicotine, prepared as described above, at two concentrations (500 µg/ml and 637 µg/ml) and determining the percent error at each concentration. For each concentration, the error was < 1% (0.408% for 500 µg/ml and 0.843% for 637 µg/ml). The calibration curve was periodically validated to insure that no changes or drift were present.
HPLC Analysis of Nicotine Concentrations
HPLC-grade chemicals (triethylamine, water, and acetonitrile) and phosphoric acid (85%) were purchased from Fischer Scientific. Sodium hydroxide was purchased from EM Scientific. Samples were analyzed using a Hewlett Packard Series 1100 HPLC, consisting of a quaternary pump, degasser, column thermostat, and manual injector. A 200 × 4.6 mm Thermo Scientific Hypersil ODS C18 column with a particle size of 5 μm was used at 35 °C with a flow rate of 0.8 ml/min. The diode array detector signal was set to 260 nm with a bandwidth of 40 nm with a reference signal of 380 nm and bandwidth of 10 nm. An isocratic method was used with a buffered mobile phase consisting of 76.9% water, 23% acetonitrile, and 0.1% triethylamine. The pH of the mobile phase was adjusted daily to 7.6 using phosphoric acid and sodium hydroxide. Because no extraction procedure was necessary, 5% stock solutions of each fluid were prepared in a nonbuffered mobile phase. Care was taken to accurately pipette the fluids so as not to introduce air bubbles. The stock solutions were diluted down to the injection concentration of 0.5% by the further addition of nonbuffered mobile phase. The injection volume for all samples was 5 μl. The limit of quantification for nicotine was 10 μg/ ml with a limit of detection of 50 ng/ml. Each sample was injected and analyzed 5 times. The values reported in Tables 1 and 2 are the means and standard deviations of the five runs. Table 1 shows the results, organized by ascending inventory number, for the 72 products that were evaluated in this study. For each product, the date of purchase, inventory number, flavor, humectant, color, manufacturers' nicotine concentration, quantified nicotine concentration, percent difference in nicotine concentrations, and whether the fluid was within ±10% of the concentration on the label. A broad range of flavors was included. In most cases, humectants were named on the label, and humectants varied among manufacturers Inventory number (missing inventory numbers were assigned to refill fluids that we were unable to evaluate using this method or to authentic standards). Manufacturer-labeled nicotine concentrations were compared with the HPLC-quantified nicotine concentrations, and the percent differences were calculated (Table 1 ). Of the products tested, the 10 refill fluids that were labeled zero nicotine (numbers 20, 21, 23, 26, 30, 36, 38, 41, 90, and 92) contained no detectable nicotine. Eight of 72 samples had nicotine concentrations below labeled values. Five of these eight were from Johnson Creek (numbers 15, 82, 85, 86, and 88) and three were from Freedom Smoke-USA (numbers 19, 29, and 37). Of the remaining 54 fluids, 46 had nicotine concentrations that were higher than the labeled amount. Five bottles had no labeled nicotine concentration; three contained no detectable nicotine (numbers 25, 56, and 87) and two (numbers 24 and 55) had nicotine concentrations in excess of 100 mg/ml. Three of the four Red Oak Marcado samples (numbers 3, 49, and 73) were not analyzable using this HPLC method. Of the analyzable nicotine-containing fluids, only 19 had concentrations within ±10% of the labeled concentration, which is the nicotine tolerance level set by AEMSA in their recently revised standard (AEMSA, 2014), as well as a standard that is acceptable for nicotine patches (US Pharmacopeia, 2011).
Results
For some products purchased after February 2012, accuracy in labeling appeared to have improved. For example, of the 12 Johnson Creek products purchased in April 2011, only 2 of the 12 met the ±10% standard. For the 11 Johnson Creek products purchased in February 2012, all 11 were within ±10% of the labeled nicotine concentration, suggesting that manufacturing processes have improved at this company between 2011 and 2012. For Red Oak, a subsidiary of Johnson Creek, only 1 of the 7 analyzable recent purchases (February 2012) was within 10% of the labeled nicotine concentration, and 6 of the 7 were higher than the labeled concentrations by 26.6% to 89.7%. Only one sample of Freedom Smoke that was purchased in February 2012 had nicotine, and it deviated from the label by 22.5%, which was an increase from the April 2011 purchase that deviated by only 6%. In addition, of the four V2 products purchased in May 2012, three of the four products fell within ±10%, suggesting improved manufacturing practices. Table 2 presents longitudinal data comparing refill fluids that were considered exact duplicates, that is, produced by the same manufacturer and labeled with the same humectant composition, flavor, and nicotine concentration, but purchased on different dates. The table shows the inventory number of refill fluid duplicate pairs, manufacturer, flavor, coloration, comparisons between the exact duplicates, manufacturer's labeled nicotine concentration, and whether the quantified nicotine concentration was ≤10% from the manufacturer's concentration, as well as the actual percent difference (indicated in parenthesis). The color of the refill fluids, which was evaluated visually, varied within most of the 23 duplicate pairs. The most extreme example was observed between numbers 4 (dark brown) and 74 (light brown), which were duplicate bottles of Red Oak Swiss Dark (Figure 1) . Some duplicate samples (e.g., Freedom Smoke numbers 29 and 91) had very slight differences in coloration (orange-yellow vs. clear with yellow tint), whereas other duplicates were similar in color (e.g., Johnson Creek numbers 17 and 87) (Figure 1) .
The 18 pairs of refill fluid that contained nicotine were compared to determine whether labeling accuracy improved between purchases. Table 2 shows those samples that had measured nicotine concentrations within 10% of the labeled value. Of the18 pairs, only 1 pair (Red Oak Domestic numbers 1, 71) had identical quantified nicotine concentrations and thus showed no change over time from the manufacture's labeled concentration. Only one pair (numbers 10, 80) was within 10% of the labeled concentration. For five refill fluid pairs, all from Red Oak, both samples exceeded 10% of the labeled concentration, and of these, one (numbers 7, 77) showed an increase in the percent difference over time. Only one refill fluid pair (Freedom Smoke numbers 29, 91) showed a diminution in quality with the fluid purchased earlier meeting the criteria and the latter not. Ten pairs (which included 9 from Johnson Creek) showed significant improvements in labeling accuracy over time.
Discussion
The purpose of this study was to evaluate the accuracy of nicotine concentrations that appear on labels of EC refill fluids/DIY products and to test the fidelity of the manufacturing process by evaluating nicotine concentrations in duplicate products purchased on different dates. Of the 71 refill fluids/1 DIY product evaluated, 54 were labeled as containing nicotine and analyzable. Of these, 35 had nicotine concentrations that did not meet the revised AEMSA tolerance level of ±10%. Quantified nicotine concentrations in evaluated fluids varied from as little as 1.1% to as much as 89.7% from the labeled value, with the majority being higher than indicated on the label. Accuracy in labeling improved significantly in more recent samples purchased from one company. We also found significant variation in the color of fluids both between the same flavors from the same manufacturer and between duplicate bottles of the same product. Although color variation could be due to the use of different chemicals to create a particular flavor or to changes in color during storage, a dramatic color change would not be expected between products that are considered exact duplicates (i.e., the same product purchased at different times) as was seen with numbers 4 and 74. We have observed our products for over 2 years, and none have noticeably changed color during storage.
There have been relatively few studies on the accuracy of the labeled nicotine concentrations on EC products Goniewicz, Kuma, Gawron, Knysak, & Kosmider, 2013; Laugesen, Thornley, McRobbie, & Bullen, 2008; Trehy et al., 2011; Westenberger, 2009 ) with a subset of studies focusing specifically on refill fluids (Cameron et al., 2014; Etter et al., 2013; Goniewicz, Kuma, et al., 2013) . In most of these studies, the quantified nicotine concentrations varied from the labeled concentrations, and the degree of variation was quite diverse. In two studies with relatively small sample sizes, the majority of EC refill fluids contained nicotine concentrations below that of the label (Cameron et al., 2014; Goniewicz, Kuma, et al., 2013) . In a third study, measured nicotine levels tended to be higher than labeled concentrations; however, the differences between the labeled and measured concentrations for one manufacturer were minor (Trehy et al., 2011) . A fourth recent study of mainly Western European products found the differences in the labeled and measured nicotine concentrations to be relatively small and suggested that manufacturing practices have improved and may be acceptable (Etter et al., 2013) . In our study, which is the most comprehensive evaluation of American products to date, most nicotine concentrations were higher than the labeled values, with many being over 20% higher. For longitudinal samples from Johnson Creek, the products that were purchased last showed better accuracy in labeling than those purchased 10 months earlier, suggesting an improvement in manufacturing processes for this company. However, a similar improvement was not seen in Red Oak, the Johnson Creek subsidiary. Although the trend for at least one company appears to be toward better labeling, it will be important in the future to monitor progress in accuracy of nicotine labeling and to look at multiple products from a spectrum of companies, as there is still variability within and between companies, and there is currently no government regulation on these products.
The importance of evaluating longitudinal samples from a manufacturer is demonstrated in our study by the four samples of Johnson Creek J.C. Original (18 mg of nicotine/ml) that were purchased at 3 different times and varied only in humectant composition. When calculated nicotine values were compared with labeled values, the deviations from the label were +38.5%, +10.4%, −5.2%, and +2.3%. Had only one of these products been evaluated, for example, the product that differed by +38.5%, the data generated would not be an accurate representation of the product line. Likewise, we have shown for the first time that duplicate samples of the same product can vary in their nicotine concentration. In 7 of 21 samples, nicotine concentration between duplicate bottles varied by more than 20% (as indicated by stars in the ≤10% Difference column of Table 2 ).
In October 2012, AEMSA was established as a volunteer organization to set responsible and sustainable standards for the safe manufacturing of EC refill fluid products, and their standards are quite stringent. Members, who pay a monthly membership fee, must agree to adhere to these standards and are allowed to display the AEMSA logo on their Web sites (AEMSA, 2012) . Although none of the companies evaluated in this study are listed on the AEMSA Web site as members of this association, refill fluids purchased later in our study were more accurately labeled, with Johnson Creek being the most improved. Accurate labeling of nicotine concentrations on EC products is important as nicotine is both addictive and toxic (Centers for Disease Control and Prevention, Office of Smoking and Health, 1988, 2010; Solarino, Rosenbaum, Rießelmann, Buschmann, & Tsokos, 2010 ; US Department of Health and Human Services, National Institute of Health, National Cancer Institute, 2001), and EC users should have reliable information on nicotine concentrations in these products. Moreover, some people use ECs as cessation devices (Odum, O'Dell, & Schepers, 2012; Polosa et al., 2011; Siegel, Tanwar, & Wood, 2011) and gradually wean themselves off higher doses of nicotine. For this group of EC users, accurately labeled products are important. Also, studies show that decreases in nicotine intake can lead to nicotine withdrawal symptoms and induce compensatory smoking (US Department of Health and Human Services, National Institute of Health, National Cancer Institute, 2001). Another concern with improper labeling is the potential for nicotine overexposure/overdose. Two refill fluids sold as unflavored nicotine in PG had no labeling indicating the nicotine content. Only through HPLC analysis were these products found to contain over 100 mg of nicotine/ml. At these high concentrations, these products may have been intend as DIY products, but this was not stated on the manufacturer's Web site at the time of purchase nor this was indicated on the bottles. A consumer would not know these products were DIY without proper labeling. Nicotine doses of 500-1000 mg for adults (Mayer, 2013) and 10 mg for children (Nicotine (PIM)," n.d.) can be lethal. Because neither of these bottles had the nicotine concentration or danger warnings printed on their labels, users of these products could be exposed to higher doses of nicotine than they intended. Moreover, bottles with such high concentrations of nicotine present a clear danger to children. When the concentration of a 10 ml bottle of fluid is considered, the total nicotine content would exceed a lethal dose for both children and adults.
We previously showed that EC performance is highly variable both between and within brands of EC (Trtchounian et al., 2010; Williams & Talbot, 2011) , that cytotoxicity of refill fluids varies among products (Bahl et al., 2012; Behar et al., 2013) , and that puff duration varies among brands (Hua, Yip, & Talbot, 2013) . Others have shown significant variability among products in the aerosolization of nicotine and in the concentration of tobacco-specific nitrosamines emitted in EC aerosols (Kim & Shin, 2013) . Finally, EC users have sometimes reported symptoms consistent with nicotine overdoses (Hua, Alfi, & Talbot, 2013) . Although this could occur for a number of reasons, accurate labeling would be important to prevent inadvertent overdosing. It is clear from these results that when evaluating the chemical components in EC fluid products and aerosols, multiple products and longitudinal duplicates of products should be tested before any determination can be made on the accuracy of a particular product line of refill fluids. These studies also demonstrate the importance of having regulations governing the accurate labeling of nicotine concentrations on EC products, as well as the need for guidelines to improve the integrity of manufacturing.
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